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Abstract 
 The film of kesterite Cu2ZnSnS4 (CZTS) was prepared on a fluorinated tin oxide (FTO) 
substrate by a galvanostatically pulsed electrodeposition.  The effect of duty cycles on 
electrodeposition was investigated at 33%, 50%, and 67% duty cycle. For the characterization, 
the prepared films were analyzed by scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS), x-ray spectroscopy (XRD), UV-vis spectroscopy, Raman spectroscopy, and 
an atomic emission elemental analyzer. According to the experiments, surface morphologies of 
the CZT precursor appear to be uniform with fewer pores. After sulfurization, the morphologies 
of CZTS film become more uniform. When considering duty cycles, a higher duty cycle resulted 
in the surface being denser, more compact, more uniform, and smoother. Based upon the XRD 
and EDS, the film's composition consists of copper, zinc, tin, and sulfur. The compound formulae 
is also proved to be copper zinc tin sulfide. 
 
Keywords: Kesterite; Cu2ZnSnS4 (CZTS); Duty cycle; Pulsed electrodeposition (PED); 
Galvanostatic conditions 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
2 
 
1. Introduction 
The world’s population is projected to continuously increase. As our population increases 
the global energy consumption will increase in conjunction [1]. Solar energy is a promising 
candidate as a potential primary energy source in the future [2]. The harvesting of solar energy 
from sun light is of interest to a number of scientists and engineers because it is considered as one 
of efficient and clean energy conversion technologies, such as photovoltaic (PV) cells.   
The use of PV cells has significantly grown for over decades [3-4]. This technology 
directly converts solar energy into electricity. Even though researchers have been intensively 
developing novel PV materials to improve efficiency, more than 80% of the current PV industry 
still heavily relies on the use of indirect band gap absorber materials, specifically single-crystal Si 
wafers. This material option provides high efficiency; however, it is still expensive [1-2, 5-6]. 
The recent PV developments have tended to focus on cost reduction using cheaper 
materials or more economical processing cost [7]. One of the major areas of development is thin 
film PV technologies, which are based on direct band gap materials such as copper indium 
(gallium) diselenide (CIGS), copper indium diselenide (CIS), and cadmium telluride (CdTe). 
These thin film PV developments have reached the commercial stage with the highest reported 
conversion efficiency about 36 % in module production [8-10]. 
 Due to the high efficiency, thin film solar panels become a leading solar technology, and 
plus, they offer some advantages over monocrystalline Si technology, such as ease of installation. 
However, those thin films are still an issue since the commonly used materials such as Cd and Se 
are toxic, and In, Te, and Ga are scarce [11].  Hence, many researches are attempting to develop a 
PV technology based on non-toxic and abundant materials. Among all developments, a band gap 
p-type quaternary chalcogenide of copper zinc tin sulfide, Cu2ZnSnS4 (CZTS), has been a great 
candidate since it is non-toxic, easily available, and low cost.   
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 Many studies reported several approaches to synthesize CZTS thin films including 
chemical and physical processes [12-14]. Due to many advantages of the chemical processes 
(non-vacuum) over the physical processes (vacuum)such as simplicity, scalability, cost 
effectiveness, low-temperature deposition capacity, and manufacturability, electrodeposition has 
been widely used to prepare photovoltaic CZTS thin films [15-20]. The used electrodeposition 
techniques include (i) sequential electrodeposition of metallic stacked thin layers on copper (Cu), 
zinc (Zn), and tin (Sn) followed by sulfur (S) diffusion, (ii) simultaneous electrodeposition of 
metallic Cu, Zn, and Sn thin film followed by S diffusion and (iii) single step electrodeposition of 
CZTS thin film followed by S diffusion [21-23]. Most of the abovementioned reports concentrate 
heavily on the electrodeposition of CZTS thin film on the molybdenum (Mo) as a back contact 
substrate.  However, the price of Mo is high so it results in an increased expense in the sputtered 
Mo coated glass substrate [2]. Thus, an alternative of Mo back contract substrate is of great 
interest for CZTS thin film development. 
As suggested by Nakada, the performance of semi-transparent CIGS using fluorinated tin 
oxide (FTO, SnO2/F) as a back contact substrate is comparable to that of using Mo as a back 
contract substrate [24]. Moreover, Sarswat and Free also suggested that there was sufficient 
potential for electrochemically grown CZTS on FTO-coated glass as an alternative to CZTS on 
Mo-coated glass [2].  These reports in turn demonstrated that back contact alternatives such as 
FTO can be utilized for CZTS-based solar cell fabrication. 
To fabricate CZTS-based solar cells, previous studies have employed direct current 
depositions under potentiostatic (voltage-controlled) and galvanostatic (current-controlled) 
conditions. Among all electrodeposition techniques, pulsed electrodeposition (PED) is frequently 
used to better control deposit properties. As mentioned by several studies, the PED offers 
advantages over conventional direct deposition techniques such as increasing deposition rate as 
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well as providing smooth surface morphology [24-28].  This technique applies a potential/current 
to a working electrode in a controlled fashion such as square wave, triangle wave, etc. and in 
turns provides smoother and finer electrodeposits [23-24, 29-31]. As shown in Fig. 1., there are at 
least three parameters including pulse height (current/potential amplitude (Ip or Vp)), relaxation 
time (Toff), and pulse time (Ton). Variation in these parameters can offer different deposit 
properties including uniformity and porosity.  
Previously, Gurav et al. studied the implementation of pulsed electrodeposition (PED) to 
fabricate the CZTS thin film on a Mo back contact substrate under the potentiostatic condition 
[15].  However, PED has not yet been studied in the fabrication of CZTS thin film on FTO back 
contact materials under galvanostatic conditions. Therefore, in this study, we fabricate CZTS thin 
films under the galvanostatic condition by controlling Ip, Toff, and Ton and investigate the effect of 
on/off pulse time or a duty cycle of PED on deposit properties. The morphology, chemical 
composition, doping density and band gap energy of the electrodeposited CZTS films are 
discussed in this report. 
2. Experimental 
 A two-electrode cell was used to perform the PED process under galvanostatic conditions.   
The counter electrode and working electrode are a platinum (Pt) electrode and a FTO-coated 
glass substrate, respectively.  The dimension of the FTO-coated glass substrate exposed to 
electrolytes is approximately 1cm x1cm. The quantity of electrolytes used in all electrodeposition 
was 50 cm3.  ll electrodeposition and electrochemical tests were conducted using Metrohm 
Autolab PGSTAT302N.  The controlled current density (Ip) of 3 mA/cm2 was used for all 
electrodeposition experiments.  The effect of the duty cycle was studied by varying the amount of 
electrodeposition time. To control the total charge used for electrodeposition, the total amount of 
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electrodeposition time for 33% duty cycle, 50% duty cycle, and 67% duty cycle was 42.5 min, 
28.05 min, and 21.25 min, respectively.   
The electrolytic solution bath containing 0.004 M copper(II)sulfate pentahydrate 
(CuSO4.5H2O, Alpha Chemika), 0.15 M anhydrous zinc chloride (ZnCl2, Alpha Chemika), 
0.0180 M sodium stannate trihydrate (Na2SnO3.3H2O, Carlo Erba), and 0.40 M potassium 
sodium tartrate tetrahydrate (KNaC4H4O6.4H2O, Fisher Chemical) as a complexing reagent was 
maintained at a constant temperature of 58 oC for the duration of electrodeposition. All chemicals 
had no further purifications.  The as-deposited films were rinsed thoroughly with deionized water 
(Milli Q-type I ultrapure water: Millipore) and dried with argon gas.   
 The prepared film precursors were then subjected to sulfurization for 2 h in the argon 
environment with evaporated elemental sulfur in the annealing alumina tube furnace in order to 
reduce loss of conductivity.  Prior to the sulfurization, the tube was purged with Ar gas for 15 
min to remove air.  The elemental sulfur (99.9% purity, Daejung Chemical and Metal) was used 
as the sulfur source.  It was placed in an alumina boat and maintained at a temperature of 200 oC. 
 The films were characterized by scanning electron microscopy (SEM: Philips:XL30), x-
ray diffraction (XRD; Philips:X’PERT), Raman spectroscopy (NT-MDT:NTEGRASpectra), UV-
visiblespectroscopy (UV-vis 1700, Shimadzu), atomic emission elemental analyzer (liquid 
electrode plasma:LEP MH5000, Micro-Emission), Electrochemical impedance spectroscopy 
(MetrohmAutolab).  For the Mott Schottky analysis carried out by a Metrohm Autolab 
PGSTAT302N potentiostat, the CZTS electrodes were immersed in aqueous solution of 0.07 M 
Eu(NO3)3.6H2O, together with a saturated calomel reference electrode for measurements.   
3. Results and Discussion 
 Before the sulfurization, the chemical composition of the co-electrodeposited films using 
different duty cycles was examined by Energy-dispersive spectroscopy (EDS), the results showed 
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that the films possessed an approximate Cu:Zn:Sn ratio of 2:1:1, which was desired for 
stoichiometric CZTS formation. The chemical composition of the precursor films was shown in 
Table 1. The co-electrodeposited films after the sulfurization were also examined using the same 
characterization technique. It was found that the films with an approximate stoichiometric 
Cu:Zn:Sn:S ratio of 2:1:1:4 were formed as shown in Table 2. 
 Fig. 2 a), b, and c) shows the XRD patterns of CZTS films grown on a FTO substrate at 
67%, 50% and 33% duty cycle, respectively.  Fig.2 a), b), and c) correspond to the reported 
kesterite structure of CZTS (JCPDS 26-0575), which exhibits four characteristic peaks of (112), 
(200), (220), and (312) at the 2θ values of 28.5o, 33.0o, 47.5o, and 56.2o, respectively.  The average 
crystallite size of the coatings was also calculated from the full width at the half maximum (FWHM) of 
the peak using the Debye-Scherrer equation. Based on the XRD results, the crystallite size of films 
obtaining from pulsed current electrodeposition at 67%, 50%, and 33% duty cycles were 32.6, 35.4 and 
39.2 nm, respectively. Based upon the above findings, it was found that increasing the duty cycles resulted 
in the slight decreasing the crystallite sizes, which is in good agreement with the SEM results. 
However, in order to confirm that the observed XRD patterns belong to the CZTS film 
and not form other similar phases such as ZnS and Cu2SnS3 (CTS), the additional 
characterization was performed using Raman spectroscopy.  Fig. 3 a), b), and c) show the Raman 
spectra of the electrodeposited CZTS films over the range of 275 to 400cm-1 at 67%, 50%, and 
33% duty cycles, respectively.  The major peaks at the approximate Raman shifts of 285 cm-1, 
337 cm-1, and 370 cm-1 correspond to the CZTS film for all duty cycles, which was reported 
elsewhere [34-36]. In addition, there is a tiny distinct peak at 310 cm-1 and 470 cm-1 
corresponding to CTS and CuS are observed, respectively.  There is a lack of peaks or shoulders 
at 295 cm-1, 348cm-1, 351 cm-1, and 355 cm-1which contributes to the copper zinc tin (pulsed co-
electrodeposited CZT) [35].   
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 Film morphology of the pulsed co-electrodeposited CZT precursors and sulfurized CZTS 
films was analyzed and compared using SEM.  The SEM images of the pulsed co-
electrodeposited CZT precursors before sulfurization or sulfur diffusion under 67%, 50%, and 
33% duty cycle of the galvanostatic electrodeposition at 3 mA/cm2 are shown in Fig. 4 a), 4 c) 
and 4e), respectively.  As observed by the SEM images, the CZT films deposited under various 
duty cycles possessed different morphology. The pulsed co-electrodeposited CZT films obtained 
at 33% duty cycle contained the large granules agglomerated from small grains which resulted in 
less compact, less uniform and higher porous film, while the pulsed co-electrodeposited CZT 
films obtained at the 50% duty cycle consisted smaller granules resulting in a film with higher 
compaction. Additionally, the pulsed co-electrodeposited CZT films obtained at 67% duty cycle 
appears to be uniform and contained voids at the surface. The SEM images of CZTS films after 
sulfurization obtained at 67%, 50%, and 33% duty cycle are demonstrated in Fig.2 b), d), and f), 
respectively. Among all films after sulfur diffusion, the CZTS film deposited at 33% duty cycle 
was least compact with surface voids due to the fusion of the grains [15,31]. This might be due to 
the fact that both CZTS and CTS phases were mixed in the film. In addition, the CZTS films 
deposited at 50% duty cycle was found to be more porosity as well as less uniformity than that 
deposited at 67% duty cycle.  For the same duty cycle, the cross-sectional SEM images reveal the 
sulfurized CZTS films has more or less the same thickness as the co-electrodeposited CZT films.  
In addition, the sulfurized CZTS films is more compact than that of the co-electrodeposited CZT 
films. 
The plot of transmittance versus wavelength for CZTS films at 67%, 50%, and 33% duty 
cycle is shown in Fig.5 a), b) and c), respectively.  The CZTS films obtained from each duty 
cycle have shown the same transmittance behavior over the wavelength width.  The transmittance 
profile of each sample generally shows the same trend, especially the visible light region.  
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However,  some slight variations of transmittance profile were observed after  the wavelength of 
800 nm.  This might be due to the nature of the film such as homogeneity and surface 
morphology [37-38]. 
Fig. 6 a), b) and c) show the plot of (h)2 versus photon energy (h of the sulfurized 
CZTS films deposited at 67%, 50%, and 33% duty cycle, respectively. By extrapolating the slope 
of the plot, the band gap energy can be obtained. As a result, the band gap energy values of the 
CZTS films obtained at 67%, 50%, and 33% duty cycles were 1.54, 1.52 and 1.48 eV, 
respectively.  These reported values of band gap energy are consistent with values reported in 
other literature [5, 9-14, 36]. 
 The doping density of the CZTS absorber layers was determined by measuring the 
apparent capacitance density as a function of potential, based on the Mott Schottky relationship 
below [31]: 
b
FB2
0sc
k T1 2
E E
e N eC
 
     
 
 
Where CSC is a capacitance of the space-charge region, e is an electronic charge,  is the dielectric 
constant (10 for CZTS) [34], 0 is the permittivity of free space, N is a donor density (hole 
acceptor concentration for p-type semiconductor, E is the applied potential, EFB is a flat band 
potential, kb is Boltzmann’s constant and T is temperature in Kelvin. Fig. 7illustrates Mott-
Schottky plots (1/ 
2
scC versus E) of the CZTS films grown on the FTO-coated substrate at 33%, 
50%, and 67% duty cycle.  The slope of the plot can determine the seminconducting type of 
films. Specifically, a positive slope indicates an n-type semiconducting film, while a negative 
slope exhibits a p-type semiconducting film. According to Fig. 7, a negative slope has been 
observed for all duty cycles. The results further confirmed the p-type semiconductor of the CZTS 
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films, which was in good agreement with the cathodic photocurrent. The donor density can be 
estimated from the slope.  The obtained values of the charge carrier concentration for 67% duty 
cycle, 50% duty cycle, and 33% duty cycle correspondingly are 2.56x1016, 2.55x1016, and 
2.55x1016 cm-3 which closely reflect reported values in other studies [8, 34, 39-48]. In addition, 
by the extrapolation of 1/ 
2
scC = 0, the flat band potential values of the films deposited at different 
duty cycles can be determined. The results indicated that the films grown at 67% duty cycle, 50% 
duty cycle, and 33% duty cycle possessed the flat band potential of 0.73 V, 0.72 V and 0.73 V vs 
saturated calomel reference electrode, respectively [35, 41-42]. 
4. Conclusion 
The CZTS films have been successfully prepared by using the PED method under 
galvanostatic conditions. The films deposited at 67% duty cycle, 50% duty cycle, and 33% duty 
cycle possessed CZTS phase with the properly stoichiometric composition and optimal band gap 
of 1.5 eV.  The CZTS obtaining from 67% duty cycle is morphologically more compact than that 
of 50% duty cycle and 33% duty cycle. Thus, the CZTS films produced by this procedure is also 
suitable to be used as an absorber for CZTS-based high-performance solar cells. 
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5. Tables 
 
Table 1. The chemical composition of the pulsed co-electrodeposited CZT films (before sulfur 
diffusion) at various duty cycles characterized by EDS. 
Duty cycle 
(%) 
Atomic percentage 
Cu Zn Sn 
33 54 26 20 
50 50 25 25 
67 52 26 22 
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Table 2. The chemical composition of CZTS (after sulfur diffusion) at various duty cycles 
characterized by EDS. 
Duty cycle 
(%) 
Atomic percentage 
Cu Zn Sn S 
33 28 7 11 54 
50 25 10 12 54 
67 27 11 12 50 
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6. List of figure captions 
 
Fig. 1. Typical pulse current/potential diagram in square-wave pattern 
 
Fig. 2. XRD patterns of CZTS film grown on FTO substrate at various duty cycles; (a) 67% duty 
cycle, (b) 50% duty cycle, and (c) 33% duty cycle.  The main peaks observed at the 2θ values of 
28.5o, 33.0o, 47.5o, and 56.2o corresponded to the CZTS phase 
 
Fig. 3. Raman spectra of the CZTS film grown on FTO substrate at various duty cycles; (a) 67% 
duty cycle, (b) 50% duty cycle, and (c) 33% duty cycle.  The peaks at the approximate Raman 
shifts of 285 cm-1, 337 cm-1, and 370 cm-1 are attributed to the CZTS film 
 
Fig. 4. SEM surface image of films on FTO substrate at various duty under galvanostatic 
conditions, (a) co-electrodeposited Cu-Zn-Sn at 67%  duty cycle, (b) sulfurized CZTS film at 
67% duty cycle (c) co-electrodeposited Cu-Zn-Sn at 50%  duty cycle, (d) sulfurized CZTS film at 
50% duty cycle, (e) co-electrodeposited Cu-Zn-Sn at 33%  duty cycle, and (f) sulfurized CZTS 
film at 33% duty cycle  
 
Fig. 5. A plot of transmittance versus wavelength of sulfurized CZTS films deposited at various 
duty cycles; (a) 67% duty cycle, (b) 50% duty cycle, and (c) 33% duty cycle. 
 
Fig. 6. A plot of (h)2 versus photon energy (h of the sulfurized CZTS films deposited at 
various duty cycles; (a) 67% duty cycle, (b) 50% duty cycle, and (c) 33% duty cycle. 
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Fig. 7  Mott-Schottky plot for CZTS film grown on coated-FTO at different duty cycles; (a) 67% 
duty cycles, (b) 50% duty cycle, and (c) 33% duty cycle 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
20 
 
7. Figures 
 
 
 
 
Fig. 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ton
Toff
p
u
ls
e 
h
ei
gh
t 
(I
p
/V
p
)
1 cycle
cu
rr
en
t 
d
en
si
ty
/p
o
te
n
ti
al
 (
I p
/V
p
) 
electrodeposition time
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
21 
 
 
 
 
 
Fig. 2 
 
 
 
 
 
 
 
 
 
 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
22 
 
 
 
 
Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Graphical abstract 
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Highlights 
 
 The CZTS thin films were successfully prepared by a gavanostatic PED method. 
 The obtained CZTS films exhibit CZTS phase with proper stoichiometric 
compositions.with compact morphology.  
 The CZTS films had a suitable band gap to be used as an absorber for solar cells. 
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